In space radiation transport, the energy lost through atomic collisions is treated as averaged processes over the many events which occur over even relatively small dimensions of most materials continuous slowing down appr that the few percent energy fluc little meaning for ions of broa pecially in comparison to the m ear events for which uncertainties relatively large. In contrast, the laboratory testi otatial shielding materials uses nearly mono ion beams in which the interpretation of t n with shield materials requires a detailed description of the interaction process for comparison to detector responses (Schimmerling et al., 1986) . The development of a Green's function approach to ion transport facilitates the modeling of laboratory radiation environments and allows for the direct testing of transport approximations of material transmission properties. For a number of years, this approach has played a fundamental role in transport calculations for high-charge high-energy (HZE) ions and has been used to great effect by radiation investigators at the NASA, Langley Research Center. These earlier works have not, however, taken into account such effects as straggling or of the energy downshift with dispersion which occur whenever a nuclear event takes place. In addition to the validation of physical processes, a theoretical model of the role of straggling is essential to understanding of the radiobiology of ion beams as required in evaluation of astronaut risks which must be minimized at least to within some regulated level (Shinn et al., 1999) . The present development is in the context of an asymptotic expansion of the 3D Boltzmann equation, for which, the lowest order term is along the forward ray. Additional asymptotic terms are discussed in an earlier work (Wilson et al., 1991) 
The Boltzmann equation
The specification of the interior environment of a spacecraft and evaluation of the effects on the astronaut is at the heart of the space radiation protection problem. For some time investigators at The NASA Langley Research Center have been developing techniques to address this problem and an in-depth presentation of their work is given by Wilson et al. (1991) although considerable progress has been made since that publication (Cucinotta et al., 1998) . The relevant transport equation is the h e a r Boltzmann equation. The lowest order asymptotic term is the straightahead approximation. With the target secondary fragments neglected, Wilson et al. (1991) , this equation takes the following form:
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(1) where #J,(z,E) is the flux of ions of type j moving along the z-axis at energy E in units of MeVlamu and a,(E) and ojk (E, E') are the media macroscopic cross-sections. The c ,~( E , E ' ) represent all those processes by which type k particles moving in the z-direction with energy E' produce a type j particle with energy E moving in the same direction. Note that there may be several reactions which produce a particular product, and the appropriate cross-sections for Eq. (1) are the inclusive ones. The total cross-section a,(E) with the medium for each particle type of energy E may be expanded as a,(E) = a,B'(E) +a?(E) + a,'(E), where the first term refers to co electrons, the second term is for elastic ing, and the third term describes nuclea corresponding differential cross-sect allows flexibility in expanding solutions to the Boltzmann equation as a sequence of physical perturbative approximations.
We require to solve Eq. (1) subject to a boundary condition of the type +,(z',E) = F,.(E). In the case of a unit source at the boundary, F,(E) takes the special form
and the corresponding solution, which is called the Green'sfunction,isdenoted by thesymbol Gjk(z,z', E,,!?'). Once the Green's function is known the solution for an arbitrary boundary condition $(Ej is then given by 4,(z,E) = / Gj,(z,z',E,EI')Fc(E'')dE". k (5) In the case of an accelerator beam, the boundary condition consists of a narrow gaussian function in energy and is incorporated by addition to the straggling width on leaving the boundary. In the case of space radiations, the boundary condition is represented as a broad function of energy and direction for each ion type and is handled by ordinary numerical procedures. It should also be noted rovides a basis for multiple layers of mateing the solution at the boundary interface.
We rewrite Eq. (1) in operator notation by defining a vector array field function as (9) and one must look for solutions. In what follows, we will recall the solution of the atomic interactions by Payne (1969) and implemented by Wilson et al. (2002b) . Effectively, we look at (3) where E, are the atomidmolecular excitation energy levels and where the collision energy downshift A,k and corresponding energy width Elk are approximated from the known momentum distributions observed in heavy ion reactions and represented by a gaussian model. Many atomic collisions (-lo6) occur in a centimeter of ordinary matter, whereas -10' nuclear coulomb elastic collisions occur per centimeter, while nuclear reactions are separated by a fraction to many centimeters (10) D . Q = I"' * @, which must then be coupled to the remaining terms in Eq. (9). For analysis, it will be advantageous to make the following separations:
depending on energy and particle type. This ordering The lowest order approximation to the Boltzmann 144 equation is given in terms of the atomic collision pro-145 cesses as
147 with the boundary condition In the present work, we approximate the fragment energy distribution by where Ak is the projectile mass (amu), A, is the fragment mass (amu), E is the fragment energy (MeV/amu), m is the energy equivalent of a proton mass and
is the fragment momentum (MeV/amu/c). The interaction energy width is similarly related to the momentum width OF ( 
161 Since we have approximated the elastic scattering dis-162 tribution by where uF is given as (Tripathi et al., 1994) 
164 we find that We start with the solution of the equation 
and 
224 with the elements of the leading term given as Eq. (28) . + ( z , i , E , E ' ) 
243 The physical interpretation is that E'. G" is the volume 244 source of ions from collisions at z1 of a unit ion source at 245 z' of energy E' The ions present at z with energy E are the 246 result of propagation from the all the ions through out 247 the volume. The first task is to evaluate the volume 248 source term 1 (34)
Note that a sharp maximum occurs at El = (EL(zi) @I, &, 7 i, E2, E') The next step is to construct the term and 257 sy(z -zI) is the corresponding spread. The integral has a 258 sharp maximum at E2 = (Ei(z1z ' ) ) A j k (El), E = 259 (Ey(z -ZI)) (Ej(z) ), where the cross-sections,attenua-260 tion functions, and straggling widths are evaluated. We 261
expand (E;(. -zI) ) about the maximal value of E2 to 262 obtain 263 z (E;(z -z1)) x (Ej(2) 
where 265
Substituting Eq. (37) into the integral (36), making the change of variables x = rjk[E2 -((Ek(z1 -2 ) (z,z', E,E' @ l j k (~,~, ,z', E , E') [ @ . 3 . @ ] j k (~,~l , i , E , E ' ) ~l .
=l (42)
For a given set of parameters z, E, z', E', there is a value z,,, of ZI at which the integrand of (42) achieves a maximum and at which slowly varying factors entering the integrand may be computed. Thus
The point z,,, at which the integrand of (43) adieves its maximum is given by the equation and is easily obtained by the routine root finding techniques. It is not difficult to show that
Therefore, in (43) we may use the substitution x = [E -f i ( z l ) ] / [ f i s j k ( z m ) ] and then integrate to get
where sjk(zI) is given by (41).
Second collision term 292
The third term in Eq. (31) is the second collision term 293   G;k(Z,i,E,E') = [e-@ . 9 ' * G 'Ijk(z,z',E,E') x G , L ( z i , i , E i , g )~i 1 a 2 h i . (47)
On making approximations similar to those used in the previous section, Eq. . 2. First generation 0(16,8) Fig. 1 shows the flux of the primary beam at various depths and exhibits the effects of energy straggling. In contrast to earlier works in which the primary beam appears as a propagating delta function, we see here that the primary beam attenuates and widens with depth. Note that the greatest depths in Fig. 1 are beyond the 85% range where straggling propagators of the past x G; (zi,zI,Ej + ;ljp,E') The effect of the collision energy downshift ,ljk is ex-325 hibited Figs. 4 and 5, where the flux of the first and 326 second generation of gOI6 ions is compared with the 327 corresponding results for the case in which the down-328 shift is zero. For the ions shown the shift is not great, 329 contributing only a few MeWnucleon. The downshift of 330 more massive projectiles is somewhat larger. second generation of gOI6 ions with the corresponding results for the case in which the interaction energy width is zero. Significant widening occurs in the first generation of secondaries but little effect is seen in the second and presumably higher generations. The effect of energy straggling on the the first and second generation of gOI6 ions is exhibited Figs. 8 and 9 , where the flux of of these ions is compared with the corresponding results for the case in which no energy straggling is present. In contrast with the results for the primary beam where straggling makes a significant contribution the effect on the first and second generation of secondaries appears to be relatively small.
Concluding remarks
The present formalism provides means of easy validation of material transmission properties in conventional laboratory setups at least to the third perturbation term. Higher order terms can be easily added using non-perturbation theory and assuming the third term spectral distribution. The next step is the simulation of the detector responses so that "raw" experimental data can be used to validate model predictions thereby simplyfying the validation process. Early versions of the Green's function code, when coupled with multiple elastic scattering in terms of acceptance functions (Shavers et al., 1993) , showed great promise in describing HZE ion transport. In those studies, the straggling, energy downshift, and dispersion were neglected. The present formalism corrects those last remaining deficiencies. The recognition of the present formalism as the lowest order asymptotic term provides a systematic approach to more realistically treat a host 333  334  335  336  337  338  339  340  34 1  342  343  344  345   346   347  348  349  350  351  352  353  354  355  356  357  358  359  360  36 1  362  363  364 
